Abstract-We used time-resolved photoluminescence microscopy to analyze charge carrier transport and recombination in CdTe double heterostructures fabricated by molecular beam epitaxy (MBE). This allowed us to determine the charge carrier mobility in this system, which was found to be 500-625 cm 2 /(Vs). Charge carrier lifetimes in the 15-100 ns range are limited by the interface recombination, and the data indicate higher interface recombination velocity near extended defects. This study describes a new method to analyze the spatial distribution of the interface recombination velocity and the interface defects in semiconductor heterostructures.
I. INTRODUCTION

R
ECOMBINATION limits the efficiency of solar cells, and understanding/reducing recombination is the focus of many research efforts. One important task is the identification of recombination locations, which can be described as semiconductor absorber bulk, space charge region, or interfaces. Optical methods are useful in recombination studies, because they do not require contacts and can be rapid and nondestructive. One effective approach for identifying defect locations is based on carrier generation with a focused laser beam in welldefined regions of the absorber. Two-photon excitation (2PE) enables analysis beyond the surface region, and time-resolved photoluminescence (TRPL) acquisition enables us to separate carrier recombination from diffusion and drift. We previously reported on this analysis for epitaxial CdTe on Si substrates [1] , CdTe single crystals [2] , [3] , large grain polycrystalline CdTe [4] , polycrystalline CdTe solar cells [2] , and kestererite solar cells [5] . Two-photon excitation microscopy measurements on CdTe single crystals were reported by Barnard et al. [6] . Earlier studies were successful in the analysis of the bulk properties, but achieved limited success for interface characterization. Charge carrier lifetimes in some systems, such as double heterostructures (DH), could be limited by the interface recombination, and therefore, 2PE microscopy could also provide a useful approach for interface characterization.
Here, we apply 2PE TRPL microscopy to analyze recombination in CdTe DHs fabricated by molecular beam epitaxy (MBE) . We analyze charge carrier transport characteristics and charge carrier lifetimes by following time-dependent changes in the photoluminescence (PL) emission intensity. We find that the carrier mobility is approximately constant, but the charge carrier lifetimes range from 15 to 100 ns due to the variation in the recombination velocity at the CdTe/MgCdTe interfaces.
II. EXPERIMENTAL DETAILS
Undoped CdTe heterostructures were grown by MBE at Texas State University [7] , [8] . The sample consisted of a (1 0 0) oriented InSb substrate, 1.5-μm CdTe buffer layer, 30-nm Cd 1−x Mg x Te passivation layer, 1-μm CdTe epilayer, 30-nm Cd 1−x Mg x Te top passivation layer, and 10-nm CdTe capping layer (to prevent oxidation of MgCdTe). Cd 1−x Mg x Te/CdTe/ Cd 1−x Mg x Te, where x = 0.25-0.30, constitutes a DH, which is the focus of our study.
The optical design of the 2PE TRPL microscope was reported in [9] . Excitation was performed with a Yb:KGW laser (1030-nm wavelength, 300-fs pulses, and 1.1-MHz pulse repetition rate). The average excitation power was 0.5 mW, or 0.5 nJ/pulse. We used an Olympus 40X NA 0.65 microscope objective, which affords 0.5 μm lateral (x and y) spatial resolution for 2PE excitation at 1030 nm. PL was measured at 840 nm with a 10-nm bandpass filter, avalanche photodiode (PDM module from microphoton devices, 50-ps temporal response), and time-correlated single photon counting with 4-ps time resolution. The integration time for each pixel was 1 s, which at 2% count rate allows collecting 20 000 photons for timedependent PL analysis at each pixel. All measurements were performed at room temperature.
Time-resolved microscopy data were binned in 0.5-ns steps and saved as multiframe TIFF files for visualization and analysis. To show intensity changes due to carrier diffusion, the intensity of each frame was normalized in ImageJ. The "radial profile angle" plugin in ImageJ was used to analyze time-dependent changes in PL intensity in the multiframe TIFF files. Fitting of these data to Gaussian functions was used to derive charge carrier diffusion characteristics [10] , [11] . Charge carrier lifetimes were determined by fitting TRPL microscopy data with custom MATLAB scripts. When the excitation beam is large, the TRPL signal can be described as single exponential with τ = 33.2 ± 1.1 ns, which indicates the average charge carrier lifetime in this DH. This result is in agreement with a TRPL lifetime measurement when one-photon band-to-band excitation is at 640 nm [8] . Since the radiative lifetime in undoped CdTe is >> 1 μs, recombination is largely nonradiative due to the Shockley-Read-Hall (SRH) mechanism [7] . The dominant SRH recombination center in undoped CdTe is the Te Cd antisite, and the SRH lifetime due to this defect was calculated as 186 ns [12] . The faster recombination in our data could be attributed to extended defects (see below).
III. RESULTS AND DISCUSSION
A. Two-Photon Excitation
In the microscopic measurement with the focused beam, the decays are nonexponential [see Fig. 1(b) ]. Experiments [1] , numerical modeling [13] , and analytical modeling [14] have shown that such data indicate not only recombination, but charge carrier diffusion as well, as carriers leaving the PL collection volume cause a decrease in observed PL intensity (see Section III-C).
The integrated PL intensity in Fig. 1 (c) varies by approximately a factor of 4× in the area of 50 × 50 μm 2 . The analysis described below shows that such variation largely reflects changes in the interface recombination velocity. Fig. 2 shows several TRPL images where the time after the excitation is indicated in the legends. At longer times after the excitation, we observe the growth of the dark circular areas, some of which are indicated as circles in the first frame. Such data implies recombination at extended defects, such as threading dislocations (TD). Recombination at extended defects in GaAs DH samples was previously analyzed from confocal PL microscopy, where the radius of the dark area could be used to determine carrier diffusion length [15] . Time-resolved microscopy data were also analyzed using similar models [10] , [11] . From confocal PL microscopy, Zaunbrecher et al. have found similar extended defect characteristics in the II-VI semiconductor DHs studied here [8] .
B. Charge Carrier Diffusion
In Fig. 3 , we quantify the time-dependent increase of the two circular areas indicated as red and brown circles in the first frame of Fig. 2 . For each dark area, the "radial profile angle" plugin in ImageJ [16] was used to obtain the radial intensity distribution, and the time-dependent full-width at half-maximum (FWHM) was determined by fitting the data to Gaussian functions. The squared FWHM of the Gaussian was used to fit the data to [10] 
where D is the charge carrier diffusion coefficient, and t is the time. The data in Fig. 3 indicate D = 13.2 ± 1.5 cm 2 / s (near the area with the center at X = 11, Y = 6) and 16.2 ± 1.3 cm 2 / s (near the area with the center at X = 43, Y = 25), which cor- Fig. 2 . Normalized PL intensity at times indicated in the legends. Each frame shows intensity integrated for 0.5 ns (e.g., at 3.75-4.25 ns in the first frame). Each frame is normalized to show intensity redistribution in the images. The circles in the first frame indicate approximate locations for several extended defects. The increase in size of these features is related to carrier diffusion and recombination at extended defects. Fig. 3 . Squared FWHM of the time-dependent size for the two defects indicated by red and brown circles in Fig. 2 . The brown line is offset by 500 μm 2 for clarity. Fig. 4 . Charge carrier transport microscopy in thin epitaxial films. The red area indicates the volume where charge carriers are generated, and dashed lines indicate the volume from which luminescence is collected by the microscope objective (diameter 2u). L is the diffusion length, and S and S are interface recombination velocities.
respond to charge carrier mobilities of μ = e/ k B T D (k B is Boltzmann's constant, T is the temperature, and e is the elementary charge) = 508 ± 58 cm 2 /(V · s) and 623 ± 50 cm 2 /(V·s), respectively. These values are similar to electron mobilities in single crystal CdTe at 300 K [17] ; therefore, the data suggest that our 2PE measurements correspond to low-injection conditions. Similar mobilities were determined from micro-PL analysis on CdTe DH when one-photon excitation was used [11] and from 2PE TRPL measurements in the bulk of 17.5-μm-thick epitaxial CdTe where interface recombination velocity was > 10 5 cm/ s [1] . Similar minority carrier (electron) mobilities derived from microscopic 2PE TRPL measurements on nonpassivated CdTe epilayers on Si substrates [1] and on DHs (current study) suggest that the defect concentration does not have a large effect on the charge carrier transport characteristics. In contrast, the defect concentration strongly affects charge carrier lifetimes, which are analyzed in the next section.
C. Recombination at Extended Defects From Charge Carrier Lifetime Analysis
Next, we analyze lifetimes determined in microscopy measurements. The charge carrier lifetimes τ PL can be obtained by fitting time-dependent PL emission intensity I(t) to the following function [1] :
where I 0 is the initial PL intensity, and u is the radius of the area from which PL emission is collected with the microscope objective. This model accounts for carrier diffusion (see Section III-B) and recombination. Within the signal-to-noise ratio of the experiment, we find the constant value D/u 2 ≈ 1.5 ± 0.5 ns −1 . Given the D values determined in Fig. 3 , u 1.0 ± 0.3 μm. Therefore, as indicated in Fig. 4 , the charge carrier generation and PL collection volumes are not the same in this measurement geometry (NA 0.65 40X microscope objective and 1-μm-thick DH sample). While the excitation laser beam is focused to the diffraction-limited spot with the radius of 0.5 μm, PL is collected from a volume that is approximately four times larger. 
The DHs in this study are undoped and the net acceptor concentration N A ≈ 1 × 10 14 cm − 3 could be related to the intrinsic defect density. First-principle calculations indicated that the dominant points defects in CdTe are V Cd , V [7] . The SRH recombination rate in the bulk is also low τ −1 SRH = 4.8 × 10 5 s −1 [8] . Therefore, the data are dominated by recombination at interfaces. For DHs fabricated by MBE, it is usually assumed that S = S and τ −1
, where S and S are the interface recombination velocities, and d is thickness for the DH [19] . If we assume that the SRH recombination rate is constant, S can be calculated from
The spatial distribution of the interface recombination velocity S calculated from τ PL using (4) is shown in Fig. 5(b) . This analysis indicates that S ranges from 500 to 2300 cm/s. It is also possible that SRH recombination is higher near the extended defects. In that case, the spatial variation for S will be smaller, and therefore, the data in Fig. 5(b) represents the upper limit for the possible changes in S.
Finally, the charge carrier diffusion length is simply related to τ PL and D: L = sqrt(τ PL D). These data are shown in Fig. 5(c) and indicate about a twofold increase in the diffusion length for the regions far away from the extended defects.
Comparison of integrated PL emission [see Fig. 1(c) ], timeresolved emission (see Fig. 2 ), and lifetime/interface recombination (see Fig. 5 ) maps suggests that interface recombination is largest at the locations that approximately correspond to extended defects. Because the TD that occur due to the lattice mismatch between the epilayer and the substrate are nonradiative recombination centers [20] , a lifetime decrease at dislocations is perhaps not surprising. However, extended structural defects could be complex, and different defects could have different effects on recombination [21] .
The chemical and structural identity of CdTe surface defects was analyzed from first-principle calculations [22] , but defect spatial distributions are not addressed in the theoretical studies. Some information about lifetime spatial distributions could be derived from transport imaging based on electron microscopy. For example, Haegel et al. identified minority carrier lifetime variations associated with misfit dislocation networks in heteroepitaxial GaInP [23] . To our knowledge, this study appears to be the first to analyze lifetime distributions in II-VI heterostructures.
IV. CONCLUSION
We have developed a new electrooptical technique for microscopic characterization of charge carrier lifetimes and interface recombination velocities in epitaxial heterostructures. This new analysis can be used together with electron microscopy in order to relate electrooptical characteristics (charge carrier mobilities, lifetimes, and interface recombination velocities) to the chemical and structural identity of extended defects. In addition, local variations in charge carrier lifetimes could indicate changes in the open-circuit voltage V OC in photovoltaic solar cells. For example, depending on doping, an increase in the minority carrier lifetime from 15 to 100 ns [a range found in Fig. 5(a) ] could indicate an increase in V OC by 10-50 mV in CdS/ CdTe solar cells [24] , [25] . Therefore, microscopic electrooptical characterization can be useful for understanding device physics and for increasing the efficiency of solar cells. 
